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CAPSULES, MATERIALS FOR USE
THEREIN AND ELECTROPHORETIC MEDIA
AND DISPLAYS CONTAINING SUCH
CAPSULES

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a divisional of application Ser. No.
10/249,966, filed May 22, 2003 now abandoned (Publication
No. 2004/0012839), which claims priority from (a) appli-
cation Ser. No. 60/319,265, filed May 23, 2002; (b) appli-
cation Ser. No. 60/319,342, filed Jun. 24, 2002; and (c)
application Ser. No. 60/319,343, filed Jun. 24, 2002.

This application is also related to (d) application Ser. No.
10/063,803, filed May 15, 2002 (Publication No. 2002/0185,
378, now U.S. Pat. No. 6,822,782); (e) copending applica-
tion Ser. No. 10/063,236, filed Apr. 2, 2002 (Publication No.
2002/0180687); and (f) application Ser. No. 10/063,655,
filed May 7, 2002 (Publication No. 2002/0171190, now U.S.
Pat. No. 6,870,661). The entire contents of all these appli-
cations, and of all U.S. patents and published applications
mentioned below, are herein incorporated by reference.

BACKGROUND OF INVENTION

This invention relates to capsules and materials for use
therein. The capsules of the present invention are especially,
but not exclusively, intended for use in electrophoretic
displays. This invention also relates to binders for use in
electrophoretic displays. This invention also relates to pro-
cesses for forming electrophoretic media and displays, and
to the media and displays so formed.

Electrophoretic displays have been the subject of intense
research and development for a number of years. Such
displays can have attributes of good brightness and contrast,
wide viewing angles, state bistability, and low power con-
sumption when compared with liquid crystal displays. (The
terms “bistable” and “bistability” are used herein in their
conventional meaning in the art to refer to displays com-
prising display elements having first and second display
states differing in at least one optical property, and such that
after any given element has been driven, by means of an
addressing pulse of finite duration, to assume either its first
or second display state, after the addressing pulse has
terminated, that state will persist for at least several times,
for example at least four times, the minimum duration of the
addressing pulse required to change the state of the display
element.) Nevertheless, problems with the long-term image
quality of these displays have prevented their widespread
usage. For example, particles that make up electrophoretic
displays tend to settle, resulting in inadequate service-life
for these displays.

Numerous patents and applications assigned to or in the
names of the Massachusetts Institute of Technology (MIT)
and E Ink Corporation have recently been published describ-
ing encapsulated electrophoretic media. Such encapsulated
media comprise numerous small capsules, each of which
itself comprises an internal phase containing electrophoreti-
cally-mobile particles suspended in a liquid suspension
medium, and a capsule wall surrounding the internal phase.
Typically, the capsules are themselves held within a poly-
meric binder to form a coherent layer positioned between
two electrodes. Encapsulated media of this type are
described, for example, in U.S. Pat. Nos. 5,930,026; 5,961,
804; 6,017,584; 6,067,185; 6,118,426; 6,120,588; 6,120,
839; 6,124,851; 6,130,773; 6,130,774; 6,172,798; 6,177,
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2
6,252,564;
6,312,971;
6,392,785;
6,445,489;

921;
833;
072;
790;

6,232,950,
6,300,932,
6,376,828,
6,422,687,
072; 6,480,182; 6,498,114; 6,504,524; 6,506,438; 6,512,
354; 6,515,649; 6,518,949; 6,521,489; 6,531,997; 6,535,
197; 6,538,801; and 6,545,291; and U.S. patent applications
Publication Nos. 2002/0019081; 2002/0021270; 2002/
0053900; 2002/0060321; 2002/0063661; 2002/0063677,
2002/0090980; 2002/0106847; 2002/0113770; 2002/
0130832; 2002/0131147; 2002/0145792; 2002/0154382,
2002/0171910;  2002/0180687; 2002/0180688; 2002/
0185378; 2003/0011560; 2003/0011867; 2003/0011868;
2003/0020844; 2003/0025855; 2003/0034949; 2003/
0038755; and 2003/0053189; and International Applications
Publication Nos. WO 99/67678; WO 00/05704; WO
00/20922; WO 00/26761; WO 00/38000; WO 00/38001;
WO 00/36560, WO 00/67110, WO 00/67327, WO
01/07961; and WO 01/08241.

Known electrophoretic media, both encapsulated and
unencapsulated, can be divided into two main types, referred
to hereinafter for convenience as “single particle” and “dual
particle” respectively. A single particle medium has only a
single type of electrophoretic particle suspending in a col-
ored suspending medium, at least one optical characteristic
of which differs from that of the particles. (In referring to a
single type of particle, we do not imply that all particles of
the type are absolutely identical. For example, provided that
all particles of the type possess substantially the same
optical characteristic and a charge of the same polarity,
considerable variation in parameters such as particle size
and electrophoretic mobility can be tolerated without affect-
ing the utility of the medium.) The optical characteristic is
typically color visible to the human eye, but may, alterna-
tively or in addition, be any one of more of reflectivity,
retroreflectivity, luminescence, fluorescence, phosphores-
cence, or color in the broader sense of meaning a difference
in absorption or reflectance at non-visible wavelengths.
When such a medium is placed between a pair of electrodes,
at least one of which is transparent, depending upon the
relative potentials of the two electrodes, the medium can
display the optical characteristic of the particles (when the
particles are adjacent the electrode closer to the observer,
hereinafter called the “front” electrode) or the optical char-
acteristic of the suspending medium (when the particles are
adjacent the electrode remote from the observer, hereinafter
called the “rear” electrode, so that the particles are hidden by
the colored suspending medium).

A dual particle medium has two different types of particles
differing in at least one optical characteristic and a suspend-
ing fluid which may be uncolored or colored, but which is
typically uncolored. The two types of particles differ in
electrophoretic mobility; this difference in mobility may be
in polarity (this type may hereinafter be referred to as an
“opposite charge dual particle” medium) and/or magnitude.
When such a dual particle medium is placed between the
aforementioned pair of electrodes, depending upon the rela-
tive potentials of the two electrodes, the medium can display
the optical characteristic of either set of particles, although
the exact manner in which this is achieved differs depending
upon whether the difference in mobility is in polarity or only
in magnitude. For ease of illustration, consider an electro-
phoretic medium in which one type of particles is black and
the other type white. If, the two types of particles differ in
polarity (if, for example, the black particles are positively
charged and the white particles negatively charged), the
particles will be attracted to the two different electrodes, so

6,249,271;
6,312,304;
6,377,387;
6,445,374;

6,262,706;
6,323,989;
6,392,786;
6,459,418;

6,262,
6,327,
6,413,
6,473,
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that if, for example, the front electrode is negative relative
to the rear electrode, the black particles will be attracted to
the front electrode and the white particles to the rear
electrode, so that the medium will appear black to the
observer. Conversely, if the front electrode is positive rela-
tive to the rear electrode, the white particles will be attracted
to the front electrode and the black particles to the rear
electrode, so that the medium will appear white to the
observer.

If the two types of particles have charges of the same
polarity, but differ in electrophoretic mobility (this type of
medium may hereinafter to referred to as a “same polarity
dual particle” medium), both types of particles will be
attracted to the same electrode, but one type will reach the
electrode before the other, so that the type facing the
observer differs depending upon the electrode to which the
particles are attracted. For example suppose the previous
illustration is modified so that both the black and white
particles are positively charged, but the black particles have
the higher electrophoretic mobility. If now the front elec-
trode is negative relative to the rear electrode, both the black
and white particles will be attracted to the front electrode,
but the black particles, because of their higher mobility will
reach it first, so that a layer of black particles will coat the
front electrode and the medium will appear black to the
observer. Conversely, if the front electrode is positive rela-
tive to the rear electrode, both the black and white particles
will be attracted to the rear electrode, but the black particles,
because of their higher mobility will reach it first, so that a
layer of black particles will coat the rear electrode, leaving
a layer of white particles remote from the rear electrode and
facing the observer, so that the medium will appear white to
the observer: note that this type of dual particle medium
requires that the suspending fluid to sufficiently transparent
to allow the layer of white particles remote from the rear
electrode to be readily visible to the observer. Typically, the
suspending fluid in a dual particle display is not colored at
all, but some color may be incorporated for the purpose of
correcting any undesirable tint in the white particles seen
therethrough.

Both single and dual particle electrophoretic displays may
be capable of intermediate gray states having optical char-
acteristics intermediate the two extreme optical states
already described. It is shown in the aforementioned appli-
cation Ser. No. 10/063,236 that some electrophoretic dis-
plays are stable not only in their extreme optical states but
also in their intermediate gray states. This type of display is
properly called “multi-stable” rather than bistable, but the
latter term may be used herein for convenience.

Some of the aforementioned patents and published appli-
cations disclose encapsulated electrophoretic media having
three or more different types of particles within each cap-
sule. For purposes of the present application, such multi-
particle media are regarded as sub-species of dual particle
media.

Also, many of the aforementioned patents and applica-
tions recognize that the walls surrounding the discrete
microcapsules in an encapsulated electrophoretic medium
could be replaced by a continuous phase, thus producing a
so-called polymer-dispersed electrophoretic display in
which the electrophoretic medium comprises a plurality of
discrete droplets of an electrophoretic fluid and a continuous
phase of a polymeric material, and that the discrete droplets
of electrophoretic fluid within such a polymer-dispersed
electrophoretic display may be regarded as capsules or
microcapsules even though no discrete capsule membrane is
associated with each individual droplet; see for example, the
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aforementioned 2002/0131147. Accordingly, for purposes of
the present application, such polymer-dispersed electro-
phoretic media are regarded as sub-species of encapsulated
electrophoretic media.

An encapsulated electrophoretic display typically does
not suffer from the clustering and settling failure mode of
traditional electrophoretic devices and provides further
advantages, such as the ability to print or coat the display on
a wide variety of flexible and rigid substrates. (Use of the
word “printing” is intended to include all forms of printing
and coating, including, but without limitation: pre-metered
coatings such as patch die coating, slot or extrusion coating,
slide or cascade coating, curtain coating; roll coating such as
knife over roll coating, forward and reverse roll coating;
gravure coating; dip coating; spray coating; meniscus coat-
ing; spin coating; brush coating; air knife coating; silk
screen printing processes; electrostatic printing processes;
thermal printing processes; ink jet printing processes; and
other similar techniques.) Thus, the resulting display can be
flexible. Further, because the display medium can be printed
(using a variety of methods), the display itself can be made
inexpensively. Present day electrophoretic displays exhibit
paper-like reflective optics, extremely low power consump-
tion due to retained image capability, and mechanical con-
formability and flexibility.

Although electrophoretic displays are often opaque (since
the particles substantially block transmission of visible light
through the display) and operate in a reflective mode,
electrophoretic displays can be made to operate in a so-
called “shutter mode” in which the particles are arranged to
move laterally within the display so that the display has one
display state which is substantially opaque and one which is
light-transmissive. See, for example, the aforementioned
U.S. Pat. Nos. 6,130,774 and 6,172,798, and U.S. Pat. Nos.
5,872,552, 6,144,361, 6,271,823, 6,225,971; and 6,184,856.
Dielectrophoretic displays, which are similar to electro-
phoretic displays but rely upon variations in electric field
strength, can operate in a similar mode; see U.S. Pat. No.
4,418,346. Other types of electro-optic displays may also be
capable of operating in shutter mode.

However, the environments in which an encapsulated
electrophoretic display can be used is determined, at least in
part, by the characteristics of the materials used to form the
walls of the microcapsules present in the display, and prior
art microcapsules do have some limitations in this regard.
The aforementioned applications Ser. Nos. 10/063,803,
10/063,236 and 10/063,655 describe formation of microcap-
sule walls by coacervation of gelatin and acacia, followed by
cross-linking with glutaraldehyde. The resulting microcap-
sules have an operating temperature range of about +10 to
+60° C., may burst at temperatures near the upper end of this
range, and are sufficiently sensitive to humidity that the
optical performance of the electrophoretic displays is
adversely affected at combinations of high temperature and
high humidity such as might be encountered in a tropical
rain forest environment. Although it might at first appear that
such microcapsules could be made to operate at higher
temperatures simply by increasing the thickness of the
microcapsule wall, increased wall thickness may result in
poorly packed films of the microcapsules and/or less
deformable microcapsules, and both these effects are disad-
vantageous in electrophoretic media, as discussed in more
detail below. Accordingly, there is a need for improved
microcapsule wall materials to expand the operating limits
of'such electrophoretic displays. In particular, there is a need
for improved microcapsule wall materials which will permit
electrophoretic displays to operate satisfactorily at extreme
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temperature and humidity, and thus meet the high perfor-
mance needs of military and commercial mobile device
applications.

However, the search for new microcapsule wall materials
useful in electrophoretic and similar displays is complicated
by the need for the material to meet the numerous require-
ments necessary in practical production of such displays.
Among the requirements are:

(a) The encapsulation procedure must be reproducible and
manufacturable, involve inexpensive raw materials, and
yield capsules that are totally impermeable to their contents;

(b) The microcapsules must be amenable to coating.
While the properties of a microencapsulated dispersion that
allow facile, uniform coating are not entirely understood,
one property that is important is flexibility of the capsule
wall. If the wall is too rigid, the coating suspension shows
severe shear-thickening rheological behavior, and is either
impossible to coat because of hopper jamming or yields very
non-uniform coatings. Flexibility of the capsule wall also
allows closer packing in the coating, and thus yields displays
with improved optical properties;

(c) The capsule wall must have mechanical, optical, and
electrical properties that allow the construction of a durable
display with rapid response at low driving voltages. In
particular, the shell must be tolerant to mechanical defor-
mation (this is especially important for flexible display
applications) and must not be appreciably colored or
opaque. Also, the electrical resistance of the shell wall
material must be high; a capsule wall with poor electrical
properties can short out the display; and

(d) The capsule wall must maintain its properties over a
wide range of operating conditions. The response of the
capsule to changes in humidity is especially problematical,
since it has been found to be difficult to achieve simulta-
neously all of the characteristics listed above with a capsule
wall composition whose electrical conductivity is suffi-
ciently insensitive to high ambient humidity. Improvements
in the environmental sensitivity of the capsule wall represent
a major contribution to the robustness of the display.

Furthermore, most microencapsulation techniques known
in the literature are intended for controlled release of the
capsule contents, so that the microcapsule is intended to
break or become selectively permeable in use. Hence, mate-
rials developed for other types of microcapsules may not be
useful for microcapsules to be used in electrophoretic dis-
plays, where capsules must perform in ways that are highly
atypical, in that they are intended to provide permanent
encapsulation of their contents.

As described in the aforementioned MIT and E Ink
patents and published applications, a microencapsulated
electrophoretic medium is typically formed by mixing
microcapsules with a solution containing a polymer binder,
laying down a layer of the resultant microcapsule/binder
solution mixture on a substrate, and drying the layer to
produce an electrophoretic medium in which the microcap-
sules are embedded in a layer of the polymer binder. The
substrate bearing the electrophoretic medium is then typi-
cally laminated, using a lamination adhesive to a backplane
arranged to apply drive voltages to the medium. The binder
improves the mechanical integrity of the layer of microcap-
sules, and may improve the adhesion of the microcapsules to
the substrate on which they are deposited. It has now been
found that the sensitivity of electrophoretic media to humid-
ity can be significantly reduced by modifying the binder
and/or the lamination adhesive rather than the material used
to form the microcapsules walls.
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It is also desirable to reduce the operating voltage of
microencapsulated electrophoretic displays. Considerable
progress has already been made in this regard; some of the
early displays described in the aforementioned E Ink and
MIT patents and applications needed to be operated at 90 V,
whereas similar displays can now operate at only 15 V.
However, further reduction in operating voltage is still
desirable, because reducing the operating voltage reduces
the energy consumption of the display, an important factor
in displays intended for portable devices. Also, when it is
desired to drive a display using dry cells or similar small
batteries, which only generate (say) 1.5 to 6 V DC, even
operating a display at 15 V requires the provision of special
circuitry to step up the DC voltage produced by the battery
to that required by the display. If the operating voltage of the
display could be reduced to that produced by the battery, this
circuitry could be eliminated and the cost of the display
reduced.

As already mentioned, in an encapsulated electrophoretic
display the microcapsules which form the electrophoretic
medium are typically enclosed in a binder. The microcap-
sules/binder layer is typically sandwiched between two
electrodes (or, in some cases, between an electrode and a
non-electrode support member, a movable electrode being
moved over the support member to address the display), it
normally also being necessary to include a layer of a
lamination adhesive between the electrodes to ensure the
mechanical integrity of the display. A potential difference is
applied between the electrodes to address the display. Since
the switching of an electrophoretic medium is dependent
upon the electric field across the medium, the operating
voltage required by a display can be reduced by reducing the
thickness of the microcapsules/binder layer, since a thinner
layer enables the same electric field, and hence the same
electro-optic response of the microcapsules, to be produced
at a lower operating voltage.

A further problem with some electrophoretic displays is
the phenomenon known as “self-erasing”; see, for example,
Ota, I, et al., “Developments in Electrophoretic Displays”,
Proceedings of the SID, 18, 243 (1977), where self-erasing
was reported in an unencapsulated electrophoretic display.
When the voltage applied across certain electrophoretic
displays is switched off, the electrophoretic medium may
reverse its optical state, and in some cases a reverse voltage,
which may be larger than the operating voltage, can be
observed to occur across the electrodes. It appears (although
this invention is in no way limited by this belief) that the
self-erasing phenomenon is due to a mismatch in electrical
properties between various components of the display; in
particular, in the case of an encapsulated electrophoretic
display, it appears that the phenomenon is due to a mismatch
in electrical properties between the internal phase of the
microcapsules and the polymer layer, namely the microcap-
sule walls, which is in electrical series with this internal
phase. Obviously, self-erasing is highly undesirable in that it
reverses (or otherwise distorts, in the case of a grayscale
display) the desired optical state of the display.

Another problem sometimes encountered with encapsu-
lated electrophoretic displays is that, after the display has
been operating for an extended period, the electrophoretic
particles may tend to stick to the interior surfaces of the
microcapsules, thus ceasing to move when an electric field
is applied to the display and the optical contrast between the
optical states of the display.

The present invention seeks to provides capsule wall
materials, capsules, and encapsulated electrophoretic media
and displays, in which the aforementioned problems are
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reduced or eliminated, and which thus expand the operating
range of electrophoretic displays. The capsule wall materials
provided by the present invention may be useful for encap-
sulation of materials other than electrophoretic media, for
example pharmaceuticals.

SUMMARY OF INVENTION

Accordingly, in one aspect this invention provides an
encapsulation material comprising the coacervation product
of a polyanionic polymer having a vinyl main chain and a
plurality of anionic groups bonded to the main chain, with
a cationic or zwitterionic water-soluble polymer capable of
forming an immiscible second phase on contact with the
polyanionic polymer.

This aspect of the invention may hereinafter for conve-
nience be referred to as the “polyanionic-based encapsula-
tion material” of the invention.

In this encapsulation material, the cationic water-soluble
polymer may comprises a protein, preferably gelatin. The
encapsulation material may be cross-linked with an alde-
hyde, for example glutaraldehyde. The anionic groups may
be, for example, any one or more of sulfate, sulfonate,
phosphate, carboxylic acid and carboxylate groups.

A preferred group of polymers for use in the polyanionic-
based encapsulation material of the invention are those of
the formula:

@

R R

y
Rg

X

R,

R;

where x and y are the mole fractions of the two monomer
residues in the polymer and total 1, one or more of R to R,
is an anionic group, and those of R, to Ry which are not
anionic groups are hydrogen, saturated hydrocarbon groups,
groups of the formula —OR, or —COOR |, (wherein R, and
R, are hydrocarbon groups), aryl, substituted aryl or halo-
carbon groups. Among this group of polyanionic polymers,
preferred sub-groups are those containing a group of for-
mula —OR, derived from a vinyl ether or vinyl carboxylate
ester, those containing a group of formula —COOR,,
derived from an acrylate or methacrylate ester, those in
which at least one of the groups R, to Ry is a styrene sulfonic
acid or styrene sodium sulfonate group, and those in which
at least one of the groups R, to Ry is a vinyl chloride or
vinylidene chloride grouping. The polyanionic polymer
may, for example, comprise any one or more of poly(acrylic
acid); poly(methacrylic acid); copolymers of poly(acrylic
acid) and/or poly(methacrylic acid) with esters of the same
acids; styrene sulfonate copolymers with styrene; methyl
vinyl ether or vinyl acetate copolymers with (meth)acrylic
acid; copolymers of alkyl-substituted olefins, methyl vinyl
ether and vinyl carboxylate with maleic acid, maleic esters,
and maleic half ester, half acids.

The present invention also provides a capsule having an
internal phase and a wall formed from a polyanionic-based
encapsulation material of the invention. In this capsule, the
internal phase may comprise a liquid, preferably a liquid
hydrocarbon, alone or in combination with a halocarbon.
The internal phase may also comprise a plurality of charged
particles capable of moving through the liquid on applica-
tion of an electric field to the capsule.
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The present invention also provides a process for encap-
sulating a internal phase, which process comprises contact-
ing the internal phase with a polyanionic polymer having a
vinyl main chain and a plurality of anionic groups bonded to
the main chain and with a cationic or zwitterionic water-
soluble polymer capable of forming an immiscible second
phase on contact with the polyanionic polymer. the contact
being effected under conditions effective to cause formation
around the internal phase of a capsule wall comprising a
coacervation product of the two polymers. Desirably, this
process also comprises cross-linking the capsule wall with
an aldehyde, for example, glutaraldehyde.

The present invention also provides an electrophoretic
medium comprising a plurality of capsules, each capsule
comprising a plurality of charged particles suspended in a
suspending fluid and capable of moving through the fluid on
application of an electric field to the capsule, each capsule
further comprising a wall surrounding the charged particles
and the suspending fluid, the wall comprising a polyanionic-
based encapsulation material of the present invention.

The present invention also provides an electrophoretic
display comprising a layer of an electrophoretic medium of
the invention as defined above, and at least one electrode
disposed adjacent the electrophoretic medium and arranged
to apply an electric field thereto.

In another aspect, this invention provides an electro-
phoretic medium comprising a plurality of capsules in a
polymeric binder. Each capsule comprises a capsule wall
and an internal phase encapsulated by the capsule wall, the
internal phase comprising a suspending fluid and a plurality
of electrically charged particles suspended in the suspending
fluid and capable of moving therethrough upon application
of an electric field to the capsule. The polymeric binder is a
water soluble polymer, preferably gelatin. This aspect of the
invention may hereinafter called the “water soluble binder”
electrophoretic medium.

In such a water soluble binder electrophoretic medium,
the water soluble polymer may comprise gelatin, preferably
in the form of coacervate of gelatin and acacia.

In another aspect, the invention provides a capsule com-
prising a capsule wall and an internal phase encapsulated by
the capsule wall, the internal phase comprising a suspending
fluid and a plurality of electrically charged particles sus-
pended in the suspending fluid and capable of moving
therethrough upon application of an electric field to the
capsule. The capsule wall is formed of a material which is
swellable by the suspending fluid. This aspect of the inven-
tion may hereinafter called the “swellable wall” capsule.

In such a swellable wall capsule, the internal phase may
comprise a hydrocarbon and the capsule wall material
comprise any one or more of a silicone, a polymer derived
from a vinylic monomer, and a polyurethane. For example,
the capsule wall material may comprise any one or more of
poly(dimethyl siloxane), poly(trifluorobutyl methyl silox-
ane), poly(vinyl chloride), poly(butadiene), a polyacrylate,
and a polymethacrylate. Also, in a swellable wall capsule,
for reasons described in detail below, the internal surface of
the capsule wall may bear at least one polymer chain which
is solvated by the suspending fluid. In one form of such a
capsule, the internal phase comprises a hydrocarbon and the
polymer chain has a main chain and a plurality of side chains
extending from the main chain, each of the side chains
comprising at least about four carbon atoms.

This invention extends to an electrophoretic medium
comprising a plurality of swellable wall capsules and a
binder surrounding the capsules. Desirably, the binder is
substantially not swellable by the suspending fluid. If, as is
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commonly the case, the electrophoretic medium also com-
prises a layer of an adhesive, this adhesive is desirably not
substantially swellable by the suspending fluid.

In another aspect, the invention provides an electro-
phoretic medium comprising a plurality of capsules in a
polymeric binder. Each capsule comprises a capsule wall
and an internal phase encapsulated by the capsule wall, the
internal phase comprising a suspending fluid and a plurality
of electrically charged particles suspended in the suspending
fluid and capable of moving therethrough upon application
of an electric field to the capsule. The electrophoretic
medium may optionally comprise a layer of a lamination
adhesive in contact with the binder. In this aspect of the
present invention, at least one of the polymeric binder and
lamination adhesive is formed from a blend of two (or more)
materials, preferably polymers, the blend having lower
changes in volume resistivity with humidity than either
component separately. This aspect of the invention may
hereinafter called the “mixed binder/adhesive” electro-
phoretic medium.

In such a mixed binder/adhesive electrophoretic medium,
the blend may comprise a plurality of polyurethanes.

Finally, in another aspect, this invention provides a pro-
cess for forming a capsule. This process comprises:

providing a liquid internal phase comprising a fluid and a
first prepolymer dispersed therein and having a plurality of
first reactive groups;

providing a dispersion medium substantially immiscible
with the internal phase and comprising a dispersing liquid
and a second prepolymer dispersed therein and having a
plurality of second reactive groups, each of the second
reactive groups being capable of reacting with at least one of
the first reactive groups; and

dispersing the internal phase as a plurality of discrete
droplets in the dispersion medium, thereby causing the first
and second reactive groups to react together to form a
polymer shell surrounding the droplets, and thereby forming
capsules comprising the fluid.

This process may hereinafter be called the “two prepoly-
mer” process of the invention. In one form of such a two
prepolymer process, the internal phase further comprises a
plurality of electrically charged particles capable of moving
through the internal phase upon application of an electric
field thereto.

In the two prepolymer process, the dispersion medium
may be an aqueous medium and the internal phase an
organic medium. The two reactive groups may comprise an
acid anhydride grouping and an amine group, which react
together to form amide linkages. An example of two pre-
polymers containing such reactive groups are poly(isoprene-
graft-maleic anhydride) and polyethyleneimine.

BRIEF DESCRIPTION OF DRAWINGS

Preferred embodiments of the present invention will now
be described, though by way of illustration only, with
reference to the accompanying drawings, in which:

FIG. 1 is a photomicrograph of a layer of microcapsules
and binder solution being used to prepare a water soluble
binder electrophoretic medium of the present invention;

FIG. 2 is a photomicrograph, similar to that of FIG. 1,
showing the final electrophoretic medium prepared from the
microcapsules and binder of FIG. 1;

FIG. 3 is a photomicrograph, similar to that of FIG. 2, but
showing a control medium which does not use contain a
water soluble binder;
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FIGS. 4 and 5 are graphs showing the variations of
volume resistivity with relative humidity for certain poly-
urethanes and blends thereof, as determined in Examples 5
and 6 below; and

FIGS. 6 and 7 are photomicrographs of capsules produced
by a two prepolymer process of the present invention, FIG.
6 showing the capsules dispersed in water and FIG. 7
showing the capsules in the form of a dried film.

DETAILED DESCRIPTION

As already indicated, the present invention provides a
number of improvements in capsules, materials for use
therein, processes for their preparation, and electrophoretic
media and displays using them. The various aspects of the
invention will now be described sequentially, but it should
be recognized that a single electrophoretic medium or dis-
play may make use of more than one aspect of the invention.
For example, an electrophoretic display might use a polya-
nionic-based encapsulation material of the present invention
in combination with a water soluble binder. The following
discussion will conclude with a general discussion of vari-
ous considerations regarding capsules for use in electro-
phoretic displays.

Polyanionic-based Encapsulation Material

As already mentioned, this invention provides an polya-
nionic-based encapsulation material comprising the coacer-
vation product of a polyanionic polymer having a vinyl main
chain and a plurality of anionic groups bonded to the main
chain and a cationic or zwitterionic water-soluble polymer
capable of forming an immiscible second phase on contact
with the polyanionic polymer. The encapsulation material is
preferably cross-linked with an aldehyde, for example glu-
taraldehyde. The polyanionic-based encapsulation materials
of the present invention have been found to be less sensitive
to changes in humidity than the prior art encapsulation
materials formed from gelatin and acacia, as already
described. When used in electrophoretic displays, the polya-
nionic-based encapsulation materials have surprising effects
upon the electro-optic properties of the display; in particular,
it has been found that the electro-optic properties of the
display are less sensitive to humidity and moisture. Capsules
prepared with preferred polyanionic-based encapsulation
materials of the present invention have been found to
tolerate temperatures up to about 100° C. without bursting.

The anionic groups in the polyanionic-based encapsula-
tion materials of the present invention may be, for example,
sulfate (—OSO,7), sulfonate (—SO;7), phosphate (—OP
(O)(OH)(O™) or ~OP(O)(OH)(O™),), or carboxylic acid or
carboxylate (—COOH or COO™) groups. The optimum
proportion of anionic groups for any specific application
may readily be determined empirically, but should be large
enough that the polymer used to form the encapsulation
material is water soluble, at least at high pH’s of about 10
or higher, when all of the anionic groups are ionized. As is
well known to those skilled in the part of polymer synthesis,
the proportion of anionic groups in the polymer can readily
be varied by varying the proportions of the monomers used
to form the polymer.

In the preferred polymers of Formula I above, when one
of the groups R, to Ry is of the formula —OR,, it may be a
group derived from a vinyl ether or vinyl carboxylate ester,
for example vinyl acetate. Similarly, when one of the groups
R, to Ry is of the formula —COOR,, it may be a group
derived from an acrylate or methacrylate ester. When one of
the groups R, to Ry is an aryl sulfonate, it may be a styrene
sulfonic acid or styrene sodium sulfonate group. Finally,
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when one of the groups R, to Ry is a halocarbon group, it
may be a vinyl chloride or vinylidene chloride group.

Preferred polymers for use in the polyanionic-based
encapsulation materials of the present invention include
poly(acrylic acid); poly(methacrylic acid); copolymers of
poly(acrylic acid) and/or poly(methacrylic acid) with esters
of the same acids (i.e., poly(acrylic acid)-co-(butyl acry-
late)); styrene sulfonate copolymers with styrene; methyl
vinyl ether or vinyl acetate copolymers with (meth)acrylic
acid; copolymers of alkyl-substituted olefins, methyl vinyl
ether and vinyl carboxylate (e.g., vinyl acetate) with maleic
acid, maleic esters, and maleic half ester, half acids.
Examples of this last group of polymers include hydrolyzed
poly(ethylene)-alt-(maleic anhydride), hydrolyzed poly
(isobutylene)-alt-(maleic anhydride), hydrolyzed poly(m-
ethyl vinyl ether)-alt-(maleic anhydride), and other similar
polymers. Solvolysis of the same maleic anhydride copoly-
mers with simple alcohols gives half-ester, half-acid copoly-
mers with widely varying hydrophobic-hydrophilic balance,
which may be useful in the present invention. In all of these
cases, the acid (anionic group) content of the polymer is
sufficient to assure adequate water solubility, so that the
coacervate phase can be made. However, the range of useful
materials can be extended by the inclusion of a certain
amount (between 0 and 50%) of a water-soluble co-solvent,
such as methanol, tetrahydrofuran, dimethyl sulfoxide, dim-
ethylformamide, acetone, or other water-miscible organic
material, which both enhances the aqueous solubility of the
coacervating anion, and which at the same time enhances the
stability of the coacervate complex. Salts may be included in
the microencapsulation medium to moderate coacervate
formation.

As already mentioned, the second polymer used to form
the polyanionic-based encapsulation material may be any
cationic or zwitterionic water-soluble polymer capable of
forming an immiscible second phase on contact with the
polyanionic polymer. This second polymer may be, for
example, a vinyl (addition) polymer comprising cationic
functional groups, or a cationic condensation polymer, such
as polyethylene imine, a cationic polyester, polyurethane,
polyether or the like. However, the preferred second poly-
mers for use in the present invention are cationic proteins,
the specific preferred material being gelatin.

Apart from the use of a polyanionic-based encapsulation
material, polyanionic-based electrophoretic media and dis-
plays of this invention can make use of any of the materials
and production techniques described in the aforementioned
MIT and E Ink applications, to which the reader is referred
for additional details.

The following Examples are now given, though by way of
illustration only, to show details of particular preferred
materials and processes used in the polyanionic-based
encapsulation materials, electrophoretic media and displays
of the present invention.

EXAMPLE 1

Electrophoretic Display Using Poly(Acrylic
Acid)/Gelatin Encapsulation Material

This Example illustrates the preparation of a polyanionic-
based encapsulation material, electrophoretic medium and
electrophoretic display of the present invention, the encap-
sulation material being formed by coacervation of poly
(acrylic acid) and gelatin.

In a 4 L reactor equipped with a stirrer, gelatin (49.2 g)
was dissolved in deionized water (2622.4 g) at 45° C.
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Separately, poly(acrylic acid) (molecular weight 250,000,
2.7 g of a 35 weight per cent solution in water, available
from Sigma-Aldrich) was dissolved in deionized water
(655.6 g) and the resultant solution heated to 45° C. Also
separately, an internal phase (1060 g), comprising white and
black pigment particles suspended in Isopar G (prepared
substantially as described in the aforementioned application
Ser. No. 10/063,236, Paragraphs [0069]-[0070]) was heated
to 45° C. and then added, over a period of approximately 10
minutes, to the stirred gelatin solution. The addition was
conducted by introducing the internal phase through a
dropping funnel, the outlet of which was placed below the
surface of the gelatin solution. After the addition of the
internal phase was complete, the rate of stirring was
increased to 580 rpm and the stirring continued for 60
minutes at 45° C. in order to emulsity the internal phase into
droplets having an average diameter of about 40 um.

The warm poly(acrylic acid) solution was then added over
a period of about 1 minute. After the addition was complete,
the pH of the mixture was raised to 6.3 using 1 per cent
aqueous ammonium hydroxide, and the stirring was contin-
ued for a further 40 minutes. The temperature of the mixture
was then lowered to 10° C. over a period of two hours, with
continued stirring, and 16.7 g of a 50% solution of glutaral-
dehyde was added. After this addition, the mixture was
gradually warmed to 25° C. and stirred for a further 12
hours.

The liquid phase was then removed and the capsules in
this liquid phase washed by sedimentation and decantation,
followed by redispersion in deionized water. The capsules
were separated according to size by wet sieving to yield a
distribution between 20 and 60 um diameter, with a mean
diameter of about 40 pum. Such a distribution can be
achieved by sieving the capsules for 90 seconds on a 38 um
sieve and then for 90 seconds on a 25 um sieve. The
resulting capsule slurry was concentrated by centrifugation
and decantation and then mixed with an aqueous urethane
binder at a ratio of 1 part by weight binder to 8 parts by
weight of wet capsules. This slurry was mixed with 0.3
weight per cent of hydroxypropylmethylcellulose (molecu-
lar weight 86,000), and 0.1 weight per cent Triton X-100 as
slot-coating additives. The resultant mixture was slot-coated
on to a 175 um thick indium-tin oxide coated polyester film.
The coated film was oven dried at 50° C. for 10 minutes to
produce an electrophoretic medium comprising a coating of
electrophoretic capsules approximately 20 pum thick, this
coating comprising essentially a single layer of capsules (see
the aforementioned WO 00/20922).

The resultant coated film was then assembled in the
following manner into a polyanionic-based electrophoretic
display of the present invention. A polyurethane adhesive
(three different adhesives were used, as described in
Example 3 below), was coated on a polyethylene terephtha-
late release sheet using a slot-die coater. The coated release
sheet was transferred to an oven at 65° C. and dried for 10
minutes. During coating, the flow rate through the slot, and
the coating-head speed were adjusted to provide a film of
adhesive that measured 15 pum thick when dry. The coated
and dried release sheet was then laminated to the microcap-
sule-coated polyester film using a Western Magnum roll
laminator; the dried release sheet was laid on top of the
microcapsule layer and laminated in the nip of the laminator
at 50 psig (0.46 mPa), with the upper roll at 300° F. (149°
C.) and the lower roll at 275° F. (135° C.), at a linear speed
of 0.7 ft/min (3.5 mm/sec). The resulting laminate was then
cooled, and a single-pixel display produced by cutting a
piece of appropriate size from the cooled laminate, removing
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the release sheet, and laying the film, adhesive side down, on
a rear electrode and passing the resultant combination
through the laminator using the same conditions as before.

EXAMPLE 2

(Control): Electrophoretic Display Using Gum
Acacia/Gelatin Encapsulation Material

This Example illustrates the preparation of a prior art
encapsulation material, electrophoretic medium and electro-
phoretic display of the type described above in which the
encapsulation material is formed by coacervation of gum
acacia and gelatin.

Encapsulation of the same internal phase as in Example 1
above was carried out in substantially the same manner as in
that Example, except that gum acacia was used in place of
poly(acrylic acid). After emulsification of the internal phase
in gelatin, a solution of acacia (66.7 g, supplied by AEP
Colloids, Inc.) in water (656 mL) was added over a period
of about 1 minute, and the pH of the mixture was lowered
to approximately 4.9 using 10 per cent aqueous acetic acid.
A concentrated capsule slurry was prepared by washing and
sedimentation as described in Example 1, and the pH of the
slurry adjusted to pH 8 with 1 weight percent ammonium
hydroxide solution. Capsules were concentrated by centrifu-
gation and then mixed with an aqueous urethane binder at a
ratio of 1 part by weight binder to 8 parts by weight of
capsules. The coating of the capsules and the production of
the electrophoretic medium and display were identical to
those of Example 1.

EXAMPLE 3

Comparison of Electro-Optic Performance of
Displays Under High Humidity

This Example illustrates the improved electro-optic per-
formance of the electrophoretic display of the present inven-
tion prepared in Example 1 above under high humidity
conditions, as compared with the prior art display prepared
in Example 2 above.

The electro-optic performance of the displays prepared in
Examples 1 and 2 above was evaluated after equilibration of
the displays for two weeks in humidity-controlled chambers
at 25° C./30% relative humidity (RH) and 25° C./70% RH.
The displays were driven using 15 V switching pulses, and
the reflectivity of the pixels to white light in the white and
black states was measured. During these measurements, the
length of the switching pulses was adjusted to achieve
optical saturation of the displays; for the displays equili-
brated at 30% RH, a pulse length of 300 msec was used,
whereas for those equilibrated at 70% RH, pulse lengths up
to 600 msec were employed, although optical saturation of
the gelatin/acacia display was not always achieved even
after this time, whereas the displays of the present invention
achieved optical saturation using pulse lengths that showed
little change between 30% and 70% RH. The contrast ratio
(CR), defined as the ratio of the reflectivity in the white state
to that in the dark state, was used as a measure of the
electro-optic performance of the displays. The results are
shown in the Table below.

As indicated in the Table, three different lamination
adhesives were used. Adhesive 1 consisted of 60% by
weight Neorez R9630 blended with 40% by weight Neorez
R9330 (Neorez R9630 and Neorez R9330 are polyurethane
latex suspensions supplied by Neoresins, Inc.). Adhesive 2
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consisted of 50% by weight Neorez R9630 blended with
50% by weight Neorez R9330, while Adhesive 3 consisted
of 40% by weight Neorez R9630 blended with 60% by
weight Neorez R9330.

TABLE
CR 30% CR 70% CR 70%
RH, 300 RH, 300 RH, 600
Example Adhesive ms pulse ms pulse ms pulse
1 1 9.4 3.4 5.8
2 (Control) 1 12.0 1.0 1.2
1 2 8.8 5.5 8.1
2 (Control) 2 10.5 1.0 1.7
1 3 9.4 4.2 6.7
2 (Control) 3 12.0 1.0 2.9

From the data in this Table, it will be seen that all the
displays performed reasonably well at 30% RH, showing a
contrast ratio of from 8.8 to 12.0 (which is sufficient to give
clear rendition of text and other black and white informa-
tion) and a rapid response time of 300 msec. When equili-
brated at high (70%) RH, the Control displays showed
essentially no switching, with contrast ratios of 1.0, whereas
the displays of the present invention, using poly(acrylic
acid) instead of gum acacia, still showed good switching,
with contrast ratios greater than 3.4. The contrast ratios for
the displays of the invention could be further improved by
using a pulse length of 600 msec, whereas the Control
displays still showed very poor electro-optic response at this
increased pulse length. With an appropriate adhesive (Adhe-
sive 2 in the Table), the response of the displays of the
invention could be made almost as good at high RH as at low
RH, if the slower switching time were accepted.

Water Soluble Binder Electrophoretic Media

As already mentioned, this invention provides an encap-
sulated electrophoretic medium in which the binder is a
water-soluble (not simply water-dispersible) polymer, pref-
erably a water soluble protein and desirably gelatin. In the
MIT and E Ink patents and applications mentioned above,
the binders shown in the working Examples are typically
polyurethane latices. Although such latices are aqueous, the
polyurethanes therein are not water-soluble and are present
in the latex as a discrete solid phase, which usually requires
a substantial amount of surfactant to form a stable latex. In
contrast, the materials used in the water soluble binder
aspect of the present invention are truly water soluble, so
that the binder solution used in a true solution.

It has been found that using a water soluble binder rather
than a latex to form the electrophoretic medium allows the
production of thin electrophoretic media, and thus (for
reasons previously discussed) lower operating voltages, or
alternatively faster switching times at the same operating
voltages. The low glass transition temperatures (T,’s) of
water soluble binders, especially proteins, allow the poly-
meric binder material to rearrange and thus shrink while
water is evaporating from the binder/microcapsule layer
during the drying step. The enhanced shrinkage of the
polymeric binder thus produced results in the final thickness
of the binder/microcapsule layer being a smaller proportion
of the initial thickness of the layer of microcapsules and
binder solution than when a polymer latex is used as the
binder solution, since when a polymer latex is dried, the
water between the polymer particles is driven off and the
particles coalesce, but the polymer particles themselves,
which typically have a T, greater than those of water soluble
binders, are unable to shrink appreciably as the layer dries.
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This difference between the behavior of electrophoretic
media made with water-dispersed and water soluble binders
can be observed microscopically. FIG. 1 of the accompany-
ing drawings is a photomicrograph of a layer of microcap-
sules (average diameter about 35 um) and binder solution as
initially deposited; FIG. 1 shows a layer used to form a water
soluble binder electrophoretic medium of the present inven-
tion, but, at this stage of the process, there is little difference
between media formed with the two types of binders. As the
layer is dried and water is evaporated therefrom, a large
amount of shrinkage of the microcapsule/binder mixture
occurs, resulting in a high degree of deformation of the
capsules, which are compressed into an essentially close
packed dried film, of decreased film thickness, as shown in
FIG. 2. (For discussion of the role of shrinkage of the
microcapsule/binder solution mixture, and consequent
changes in the shape of the microcapsules, see the afore-
mentioned U.S. Pat. Nos. 6,067,185 and 6,392,785.) In
contrast, as shown in FIG. 3, a similar medium prepared
with a water dispersed latex shows substantially less defor-
mation of the capsules, and a less close packed structure.
The close packed structure produced in the medium of the
present invention is advantageous because this structure
improves the “active fraction” of the display, i.e., the pro-
portion of the physical area of the display which is covered
by the microcapsules, and which thus changes optical state
when an electric field is applied across the medium. It is
desirable that this active fraction be as large as possible,
since the gaps between the microcapsules visible in FIG. 3,
which do not change optical state when the medium is
switched, reduce the contrast ratio of a display incorporating
the electrophoretic medium.

The following Example is given by way of illustration
only to show a preferred water soluble binder electro-
phoretic medium.

EXAMPLE 4

A slurry of microcapsules were prepared substantially as
described in the aforementioned application Ser. No. 10/063,
236, Paragraphs [0061]-[0068]. An aliquot (25 g) of the
slurry, containing 80 per cent by weight of microcapsules,
was mixed with an aqueous gelatin solution (9 g of a 15
weight percent solution, equivalent to 1.33 g of gelatin) so
that the weight ratio of capsules to gelatin in the mixture was
15:1. Mixing was effected at 45° C. and the resultant mixture
was maintained at this temperature and stirred until com-
pletely homogeneous. The mixture was then coated on a
polyester film using a draw bar at 2, 3 and 4 mil (51, 76 and
101 pm respectively) settings. FIG. 1 illustrates the appear-
ance of the wet 2 mil film at this point. The coated films were
allowed to dry in air for 10 minutes and then in an oven at
50° C. for 15 minutes, after which the film produced at the
2 mil setting produced a dried film 25 pm thick, substantially
the thickness desired; the dried film is shown in FIG. 2. To
provide a control Example, the experiment was repeated
replacing the gelatin solution with an aqueous polyurethane
latex (NeoRez R 9320, available form NeoResins, Inc.,
Wilmington Mass.). FIG. 3 shows the dried polyurethane
film corresponding to FIG. 2, and as previously mentioned
this film shows much less satisfactory packing and coverage
than that in FIG. 2.

Swellable Wall Capsules

As already mentioned, this aspect of the present invention
provides a capsule comprising a capsule wall and an internal
phase encapsulated by the capsule wall, the internal phase
comprising a suspending fluid and a plurality of electrically
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charged particles; the capsule wall is formed of a material
which is swellable by the suspending fluid.

Hitherto, capsules used for electrophoretic displays have
had capsule walls of a material that is not soluble in, and
non-swellable by, the suspending fluid within the capsule.
The capsule walls thus spatially contain (encapsulate) the
suspending fluid. A non-swellable capsule wall material
usually results in a mismatch of electrical properties
between the wall and the suspending fluid, and this mis-
match can give rise to self-erasing under some conditions.

In contrast, in the swellable wall capsule of the present
invention, the capsule wall is formed from a material which
is swellable by the suspending fluid. Only slight swelling of
the capsule wall is needed to produce the advantages of the
present invention, and excessive swelling should be avoided
since it may weaken the mechanical strength of the wall and
consequently limit the mechanical integrity of the electro-
phoretic medium. Using a swellable wall material in accor-
dance with this invention causes the capsule walls to become
slightly swollen by the suspending fluid, thus making the
volume resistivity of the capsule walls similar to that of the
volume resistivity of the suspending fluid, and reducing the
mismatch in electrical properties which appears to be the
cause of self-erasing.

Typically, the suspending fluid used in an electrophoretic
medium is a hydrocarbon, typically an aliphatic hydrocar-
bon, alone or in admixture with a halocarbon. Wall materials
which can be slightly swelled by such a hydrocarbon include
silicones (for example poly(dimethyl siloxane) and poly
(trifluorobutyl methyl siloxane)), polymers derived from
vinylic monomers (for example poly(vinyl chloride), poly
(butadiene), polyacrylates and polymethacrylates) and poly-
urethanes.

Although the wall material used is swellable by the
suspending fluid, the binder which typically surrounds the
capsules and the lamination adhesive typically provided
adjacent this binder should not be so swellable. It is desir-
able that the suspending fluid be essentially confined to the
spaces occupied by the capsules and not migrate to other
parts of the electrophoretic medium or display, since migrat-
ing internal fluid may cause serious problems, such as partial
or complete delamination of various layers of the display,
unwanted color changes or chemical or electrochemical
reactions (for example at the electrodes) which may
adversely affect the operating performance and/or lifetime of
the display. Using a binder and lamination adhesive which
are not swellable by the suspending fluid ensures that, even
though some suspending fluid migrates into the capsule wall
as that wall swells, this suspending fluid cannot migrate
further to cause the aforementioned problems.

The swellable wall capsules may be prepared by any of
the various methods known in the art. For example, the
capsules may be prepared by coacervation of the wall
material around preformed droplets of the internal phase, or
by the various extrusion techniques described in the afore-
mentioned U.S. Pat. No. 6,377,387. It should be noted that,
although the swellable wall material will have substantial
affinity for the suspending fluid (otherwise it would not be
swellable by the fluid), the presence of significant amounts
of wall material, or of components used to produce the wall
material, in the suspending fluid within the final capsule
should be avoided, since such material may adversely affect
the electro-optic performance of the electrophoretic
medium. The process used to produce the capsules should be
chosen with this in mind. More specifically, any monomers,
oligomers or polymers which are produced during formation
of the capsule walls should be essentially insoluble in the



US 7,061,663 B2

17

suspending fluid, or, if they are soluble, an encapsulation
method should be chosen which allows for rapid reaction of
the material to form the capsule wall once the material
comes into contact with the suspending fluid, thus ensuring
that no more than a minimal amount of the material remains
in the suspending fluid. Appropriate methods include coex-
trusion of the internal phase with a solution of the wall
material under conditions which ensure rapid evaporation of
the solvent from the wall material solution, or radiation-
initiated polymerization of the wall material, preferably with
ultra-violet radiation.

The presently preferred method for preparing capsules
with swellable walls is concentric nozzle coextrusion, as
described in detail in the aforementioned U.S. Pat. No.
6,377,387, with extrusion of the internal phase through the
inner nozzle, and extrusion of a fluorosilicone (for example,
Dow Fluorgel 3-6679, available from Dow Chemical Com-
pany, Wilmington Del.) through the outer nozzle, followed
by curing of the resultant capsule walls at elevated tempera-
ture. Alternatively, the silicone could be replaced by an
ultra-violet curable epoxy resin (several suitable resins are
available from DSM desothech) followed by ultra-violet
irradiation of the coextruded internal phase/epoxy droplets.

The internal surface of the capsule wall may be provided
with polymer chains which are solvated by the suspending
fluid. The aforementioned 2002/0185378 describes the
advantages of providing polymer chains on the surfaces of
the electrophoretic particles themselves, and notes that such
polymer chains are desirably chosen so that they are highly
solvated by the suspending fluid so that they spread into a
so-called “brush structure” which sterically stabilizes the
particle in suspension in the suspending fluid. The presence
of'such polymer chains on the surfaces of the electrophoretic
particles also helps to avoid the particles sticking to the
capsule wall, since the solvated polymer layer reduces the
attractive force between the particle and the wall. However,
additional protection against particles sticking to the capsule
can be provided by providing solvated polymer chains on
the wall also, thus providing two sets of polymer chains
between the particle and the wall and further reducing the
attractive force therebetween.

Since, as already mentioned, the suspending fluid used in
an encapsulated electrophoretic medium is typically an
aliphatic hydrocarbon, the polymer chains provided on the
capsule wall should normally be chosen to be highly sol-
vated by such a hydrocarbon. Extensive guidance regarding
preferred types of polymer chains is given in the aforemen-
tioned 2002/0185378, and the same considerations apply to
polymer chains provided on the capsule wall. In general, it
is preferred that the polymer chains have a main chain and
a plurality of side chains extending from the main chain,
each of the side chains comprising at least about four carbon
atoms, thus providing a highly branched structure. Such a
chain can be produced by polymerization of a monomer
having a polymerizable group and a long alkyl chain, for
example lauryl methacrylate.

Those skilled in the art of polymer synthesis will be
familiar with numerous methods which could be used to
provide the polymer chains on the capsule walls. In general,
it is preferred to provide the polymer chains before the
material is formed into the capsule wall, but we do not
exclude the possibility of forming such polymer chains by
reaction between a reactive site provided on the capsule wall
and a reagent provided in the suspending fluid itself.

As already indicated, the swellable wall capsule aspect of
the present invention provides capsules which are less
susceptible to self-erasing than prior art capsules. In addi-
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tion, the swellable wall capsule aspect of the present inven-
tion provides capsules in which the particles show reduced
tendency to stick to the capsule wall.

Mixed Binder/Adhesive Electrophoretic Medium

As already indicated, the mixed binder/adhesive aspect of
the present invention provides an electrophoretic medium in
which at least one of the polymeric binder and (optional)
lamination adhesive is formed from a blend of two (or more)
materials, preferably polymers, the blend having lower
changes in volume resistivity with humidity than either
component separately.

The preferred materials for use in such a mixed binder/
adhesive electrophoretic medium are polyurethanes, espe-
cially polyurethanes produced from aliphatic polyesters.
Such polyurethanes are available commercially in the form
of anionic aqueous dispersions, for example as NeoRez R
9621, R 9314 and R 9630, all from NeoResins, Inc.

It may at first glance appear surprising that a mixture of
two or more materials which themselves have volume
resistivities which vary substantially with relative humidity
of the environment, can have a volume resistivity which
varies much less with relative humidity. However, this
apparent anomaly is explicable in terms of the chemistry of
polyurethanes and other polymers used as binders and
lamination adhesives (although the present invention is in no
way limited by the following explanation of the anomaly).
Polyurethanes and other water-borne polymers of contain
certain chemical segments, such as carboxylic acid groups,
and urethane and urea groupings, which are susceptible to
moisture uptake. When two or more of such materials are
mixed, some of these chemical segments may react with
each other and cross-link the materials; cross-linking is a
common method of improving the resistance of a single
polymer to moisture.

The following Examples are now given, though by way of
illustration only, to show preferred blends which may be
useful in mixed binder/lamination adhesive electrophoretic
media of the present invention.

EXAMPLE 5

This Example illustrates one specific blend of polyure-
thanes the volume resistivity of which changes much less
with relative humidity than does that of either component
separately.

The polyurethanes used in this Example were NeoRez R
9314 and NeoRez 9621, and a 3:1 w/w blend of the two
polyurethanes. Films of all three materials were coated on to
an indium-tin oxide (ITO) coated polyester film, dried, and
a second ITO-coated polyester film laminated to the first so
as to sandwich the polyurethane layer between the two
ITO-layers. The resultant samples were placed in controlled
humidity environments of from 20 to 90 percent relative
humidity (RH) at room temperature (approximately 20° C.)
and their volume resistivities measured at intervals, by
impedance spectroscopy and current transient measure-
ments, until they became stable, thus showing that the
samples were in equilibrium with the controlled-humidity
air surrounding them. All resistivity ratios reported are based
on the resultant equilibrium values.

The results obtained are shown in FIG. 4 of the accom-
panying drawings, where the results are plotted as the
volume resistivity at 20 per cent RH divided by that at 90 per
cent RH. From this Figure, it will be seen that the blend of
R 9314 and R 9621 had a volume resistivity which was
much less sensitive to humidity that that of either component
alone, the volume resistivity of the blend varying by only a
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factor of about 3 between 20 and 90 per cent RH, whereas
the components varied by factors of about 10 (R 9314) and
50 (R 9621) respectively.

EXAMPLE 6

This Example illustrates a second specific blend of poly-
urethanes the volume resistivity of which changes much less
with relative humidity than does that of either component
separately.

Example 5 was repeated except that the materials tested
were NeoRez R 9314, NeoRez R 9630, and a 3:2 w/w blend
of the two polyurethanes. The results obtained are shown in
FIG. 5 of the accompanying drawings. From this Figure, it
will be seen that the blend of R 9314 and R 9630 had a
volume resistivity which was much less sensitive to humid-
ity that that of either component alone, the volume resistivity
of the blend varying by only a factor of about 4.5 between
20 and 90 per cent RH, whereas the components varied by
factors of about 13 (R 9314) and 30 (R 9630) respectively.

From the foregoing, it will be seen that the mixed binder/
adhesive aspect of the present invention provides electro-
phoretic media which are much less sensitive to relative
humidity than prior art media relying upon simple polyure-
thane binders and lamination adhesives. Thus, the electro-
phoretic media of the present invention can operate over an
increased range of relative humidity.

Apart from the modification of the capsules walls in
accordance with the present invention, the mixed binder/
adhesive electrophoretic media and displays of this inven-
tion can make use of any of the materials and production
techniques described in the aforementioned MIT and E Ink
applications, to which the reader is referred for additional
details.

Two Prepolymer Process

As already indicated, capsules produced by the complex
coacervation of gelatin and acacia, as described in some of
the aforementioned E Ink and MIT patents and published
applications, have been found to be sensitive to the relative
humidity of the environment. Consequently, displays based
upon such capsules may operate only within a limited
relative humidity range, or relatively complex sealing and/or
barrier arrangements may be needed to enable operation
over a wider relative humidity range. The two prepolymer
process of the present invention seeks to provide capsules
which are less humidity sensitive than capsules produced by
the complex coacervation of gelatin and acacia.

In general terms, the two prepolymer process involves
dissolving or dispersing a first prepolymer having first
reactive groups in a fluid, for example, the suspending fluid
to be used in an electrophoretic medium; obviously, this
fluid may contain additional components, for example one
or more types of electrically charged or chargeable particles
which will eventually serve as the electrophoretic particles
of the medium. Separately, a second prepolymer having
second reactive groups is dissolved or dispersed in a dis-
persion medium, which is substantially immiscible with the
fluid containing the first prepolymer, and is typically aque-
ous. The prepolymers are chosen so that the first and second
reactive groups will react together so as to join the prepoly-
mers into a polymer which forms a suitable capsule wall
material. The fluid containing the first prepolymer is dis-
persed as a plurality of droplets in the dispersion medium, so
that at the interface between the two phases the reaction
between the two prepolymers forms a polymer, typically

20

25

35

40

45

50

55

60

65

20

formed by cross-linking of the two prepolymers, and this
polymer forms a capsule wall within which the fluid is
encapsulated.

It will be appreciated that the prepolymers should be
chosen so that either there is no substantial amount of first
prepolymer left within the capsules after the encapsulation is
complete, or the amount of first prepolymer so left does not
adversely affect the expected properties of the capsule. For
example, when the two prepolymer process is used to form
an encapsulated electrophoretic medium, any first prepoly-
mer left within the final capsules should not interfere with
the electrical charging of the electrophoretic particles essen-
tial for the proper operation of the medium.

In one experimental demonstration, the two prepolymer
process was used to prepare electrophoretic capsules having
an internal phase comprising titania and carbon black par-
ticles dispersed in a hydrocarbon suspending fluid. The
prepolymers used were two commercial prepolymers,
namely poly(isoprene-graft-maleic anhydride) (Pl-g-MA)
(hydrocarbon soluble) and polyethyleneimine (PEI) (water
soluble). Polymer formation between these two prepolymer
occurs by reaction of the amine groups on the PEI with the
anhydride groupings on the Pl-g-MA to form amide link-
ages, which cause the polymer not to be soluble in either
hydrocarbon or water. A typical encapsulation procedure is
as follows.

An electrophoretic medium internal phase (hydrocarbon
containing titania and carbon black particles) was emulsified
in water in the presence of non-ionic surfactant for one hour
with mechanical agitation to form a hydrocarbon-in-water
emulsion. To this emulsion, there was added dropwise an
aqueous solution of PEI, with continued mechanical agita-
tion. The reaction was allowed to proceed for 15 minutes
after the addition of the PEI had been completed and the
resultant capsules were separated from the liquid by cen-
trifugation. A portion of the capsules were coated on to a
glass slide and dried.

FIG. 6 of the accompanying drawings is an optical
photomicrograph of the capsules formed in reaction is
suspension in the liquid. It will be seen from this Figure that
the particles do not coalesce even in close contact, a strong
indication that a substantial capsule wall has been formed
surrounding the internal phase. FIG. 7 is a similar optical
photomicrograph of the dried film and illustrates the close
packing of the capsules, suggesting they are highly deform-
able.

The two prepolymer process of the present invention has
the advantages that it can be carried out at ambient tem-
perature, thus avoiding the heating and cooling of the
reaction mixture required in other encapsulation processes,
the consequent reduction in processing time. Furthermore,
the properties of the capsule wall formed by easily be
adjusted by varying the prepolymers and the reaction con-
ditions. The process can also produce capsules with sub-
stantially reduced humidity sensitivity.

General Considerations Concerning Capsules

It appears (although this invention is in no way limited by
any theory as to such matters) that this service life of
electrophoretic displays is limited by factors such as sticking
of the electrophoretic particles to the capsule wall, and the
tendency of particles to aggregate into clusters which pre-
vent the particles completing the movements necessary for
switching of the display between its optical states. In this
regard, opposite charge dual particle electrophoretic dis-
plays pose a particularly difficult problem, since inherently
oppositely charged particles in close proximity to one
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another will be electrostatically attracted to each other and
will display a strong tendency to form stable aggregates.

Substantial improvements in the overall performance of
electrophoretic displays may be expected from alternative
encapsulation materials and processes. As previously
described, in the most well developed encapsulated electro-
phoretic displays, capsules may be constructed containing a
pigmented dielectric fluid as an internal phase surrounded by
a thin shell of a tough, impermeable polymeric material. The
dimensions of the encapsulated particles are typically on the
order of 50 to a few hundred microns in size; the shell
thickness is 10 nm or less. For application in electrophoretic
displays, the capsule must satisfy a long list of requirements
to guarantee satisfactory performance. Among these require-
ments are the following:

1. The encapsulation procedure must be reproducible and
manufacturable, involve inexpensive raw materials, and
yield capsules that are totally impermeable to the contents.

2. The capsules must be amenable to coating. While the
properties of the encapsulated dispersion that allow facile,
uniform coating are not entirely understood, one property
that is important is flexibility of the capsule wall. If the wall
is too rigid, the coating suspension shows severe shear-
thickening rheological behavior, and is either impossible to
coat because of hopper jamming or yields very non-uniform
coatings. Flexibility of the capsule wall also allows closer
packing in the coating, and thus yields displays with
improved optical properties.

3. The capsule wall must have mechanical, optical, and
electrical properties that allow the construction of a durable
display with rapid response at low driving voltages. In
particular, the shell must be tolerant to mechanical defor-
mation (this is especially important for flexible display
applications) and must not be appreciably colored or
opaque. Also, the electrical resistance of the shell wall
material must be high; a capsule wall with poor electrical
properties can short out the display.

4. The capsule wall must maintain its properties over a
wide range of operating conditions. As already discussed,
the response of the capsule to changes in humidity is
especially problematical, since it has been found to be
difficult to achieve simultaneously all of the characteristics
listed above with a capsule wall composition whose elec-
trical conductivity is sufficiently insensitive to high ambient
humidity. Improvements in the environmental sensitivity of
the capsule wall represent a major contribution to the
robustness of the display.

For the foregoing reasons, encapsulation technology is
seen as the largest single barrier to achieving a rugged, truly
environmentally insensitive electrophoretic display.

The following approaches may be used to improve the
durability and robustness of electrophoretic displays:

1. Synthetic manipulation of the coacervate polymers to
reduce their humidity sensitivity, particularly by the incor-
poration of hydrophobic moieties into one or both of them;
alternatively, complete replacement of one or more of the
natural polymers with specially designed synthetic poly-
mers, with carefully balanced charge and hydrophobic char-
acter;

2. Other encapsulation methods, specifically modifica-
tions thereof that provide improved performance in electro-
phoretic display function and manufacture; and

3. Replacement of organic capsule wall material with
inorganic materials such as silica or organic/inorganic com-
posites or hybrid materials, using technology for surface
modification (see the aforementioned 2002/0185378), or
modifications of other procedures disclosed in the literature.
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Polymeric Materials for Coacervate Encapsulation

Gelatin can form a complex coacervate phase with a wide
variety of polyanions. The structure of the polyanion can
have a substantial effect on the electrical properties of the
wall material, and on the environmental sensitivity of the
resulting display. This approach provides a simple solution
to the environmental sensitivity issue and imposes the least
disruption on existing display manufacturing processes.

Chemical intuition suggests that replacement of gum
acacia with a less hydrophilic synthetic polymer would
reduce the affinity of the coacervate shell to water. To this
end, this invention relates to the use of polyanions with
moderately hydrophobic backbone substitution. As already
discussed above with regard to the polyanionic-based encap-
sulation materials of the present invention, one particularly
attractive class of polyanionic materials are the polycar-
boxylic acid polymers prepared from alt-poly(olefin-maleic
anhydride). These materials are commercially available with
a range of hydrophobic side chains, depending on the choice
of olefin co-monomer. Another class of readily available
materials suitable for the intended application comprise
co-(meth)acrylate ester-(meth)acrylic acid copolymers. Sul-
fonate polymers based on copolymers of styrene or acrylate
esters with styrene sulfonic acid are also attractive alterna-
tives.

This invention extends to modification of the anionic
component of the coacervate, and modification of gelatin.
The simplest modification involves acylation of lysine
ammonium side groups to yield (neutral) amide functions.
Since this reaction destroys the cationic groups that allow
coacervation with polyanions to occur, only partial modifi-
cation by this route is possible. Alternatively, esterification
or amidation reactions with carboxyl function on the gelatin
are possible.

Other Encapsulation Techniques

Complex coacervation techniques as described above
yield capsule walls that inevitably comprise, at least in part,
polar functionality, i.e., the ion pairs that cause complex
formation. The ability to control the electrical resistance of
capsule walls formed by this process is therefore inherently
limited. Encapsulation materials formed by in situ or inter-
facial polymerization processes do not necessarily involve
highly polar components, and, further can be made with high
cross-link densities by incorporation of multifunctional
monomers. This invention therefore extends to the use of
several of these processes for the construction of capsules
for electrophoretic display applications.

Two limitations on the utility of these capsules are appar-
ent. First, if the capsule wall is too hydrophobic, it become
permeable to the encapsulated dielectric fluid in the internal
phase. This problem can in part be overcome by higher
cross-linking densities, and by the use of wall-forming
monomers with limited solubility for hydrocarbons. How-
ever, high cross-linking density tends to yield rigid, non-
deformable capsules, and as we have previously mentioned,
these materials are not only difficult to coat, but also yield
displays with poor capsule packing and degraded electro-
optical properties. An optimized capsule reflect a proper
balance of polarity of the wall materials and their mechani-
cal properties.

Reliable methods for encapsulation by in situ and inter-
facial polymerization are well-known in the literature; see,
for example, the aforementioned U.S. Pat. No. 6,377,387.
Among the attractive alternatives are formation of capsules
by amide-formaldehyde copolymerization and the use of
amine plus acid chloride and amine plus isocyanate reac-
tions. The first of these methods (urea-formaldehyde or
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melamine-formaldehyde) has been shown to yield highly
rigid capsules that are not easily compatible with the remain-
der of a typical encapsulated electrophoretic display manu-
facturing process. However, this process can be modified to
provide less rigid shells by using blocked urea derivatives
(e.g., N,N"-dimethylurea) or simple primary or secondary
amides as co-reactants to reduce the degree of cross-linking.
Because of the toxicity of formaldehyde, blocked formal-
dehyde precursors (hexamethylene tetramine, formaldehyde
sulfonate adduct, etc.) may be used as synthetic alternatives.
It should be noted that urea-formaldehyde polymerization
has also been shown to reinforce gelatin/acacia and other
coacervate capsules, providing an improved encapsulation
procedure. Such a hybrid capsule wall should show
improved RH sensitivity in a electrophoretic display device.
Other more exotic hybrid structures are considered below.

Because the binders and adhesives presently used in
encapsulated electrophoretic displays are typically polyure-
thane-based, encapsulation using polyisocyanate precursors
has advantages with regard to melt and coating compatibil-
ity. The procedure of Schur, et al. (U.S. Pat. No. 4,285,720),
yielding a poly(substituted urea) shell by self-hydrolysis of
the isocyanate is attractive because of its simplicity. The
properties of the shell can in principle be modified by
incorporation of di- or polyfunctional amines in the aqueous
phase during encapsulation. By appropriate choice of the
structure of the amine(s) and its concentration, a wide
variety of shell properties are obtainable.

A third chemistry for interfacial polymerization includes
the combination of hydrophobic poly(acyl halide) deriva-
tives in the oil phase combined with polyamino compounds
in the aqueous phase to yield polyamide shells. This chem-
istry, also well documented in the literature as an encapsu-
lation technique, further expands the range of chemical
constitutions available for microencapsulated -electro-
phoretic display devices. Which chemistry is most advan-
tageous is any specific application is determined by a
combination of studies of synthetic facility and device
function, particularly in the context of environmental sen-
sitivity.

Organic/Inorganic Hybrid Capsules

The ultimate in shell impermeability and low resistivity is
obtained using a capsule walls based on inorganic polymeric
materials. As an example, a condensed silica shell can be
made completely impermeable to both water and hydropho-
bic materials, and also have very low conductivity. Such a
shell would also, however, be expected to be very rigid, with
attendant manufacturing difficulties. Encapsulation using
inorganic/organic hybrid structures allows the permeability
and electrical properties to improve relative to the organic
materials, while a degree of flexibility is provided by the
organic component. A number of routes to such hybrid
structures can be used. Surface-modified silica particles with
incorporated amine functionality may be incorporated with
either polyisocyanate or poly(acyl halide) interfacial poly-
merization procedure as described above. Alternatively,
polycarboxylate polymers bind strongly to many inorganic
colloidal materials (e.g., alumina). Appropriate choice of
polycarboxylate concentration and structure can lead to a
surface-active aggregate structure that will adsorb strongly
at the oil-water interface (such aggregates are known to be
involved in the formation of so-called Pickering emulsions,
oil-in-water emulsions stabilized by inorganic colloids).
Once formed, the interfacial structure can be reinforced and
thickened by successive deposition of further layers of
alumina and polymer, either sequentially or in a single step.
Most simply, colloidal materials with anionic surfaces, nota-

20

25

30

35

40

45

50

55

60

65

24

bly silica at pH values near neutrality, can be regarded as
polyanionic materials that are capable of forming coacervate
phases with gelatin or other polymers with cationic substitu-
ent groups just as gum acacia or polycarboxylates do. The
observation by Wang and Harrison (G. Wang and A. Harri-
son, J. Colloid Interface Sci., 1999, 277, 203) that an
adsorbed gelatin layer acts as a priming agent for the
encapsulation of iron particles by silica using the Stober
process supports this view.

Such novel hybrid coacervate encapsulation media show
interesting properties in microencapsulated electrophoretic
display devices. At least part of the RH sensitivity of
conventional coacervate microcapsule walls is the result of
the swellability of the anionic component. To the extent that
the water affinity of this component is reduced or eliminated,
water uptake at high RH, with its attendant reduction in
resistance and increased permeability, is reduced.

While the invention has been particularly shown and
described with reference to specific preferred embodiments,
it should be understood by those skilled in the art that
various changes in form and detail may be made therein
without departing from the spirit and scope of the invention.
Accordingly, the foregoing description is to be construed in
an illustrative and not in a limitative sense.

What is claimed is:

1. A process for encapsulating a internal phase, which
process comprises contacting the internal phase with a
polyanionic polymer having a vinyl main chain and a
plurality of anionic groups bonded to the main chain and
with a cationic or zwitterionic water-soluble polymer
capable of forming an immiscible second phase on contact
with the polyanionic polymer, the contact being effected
under conditions effective to cause formation around the
internal phase of a capsule wall comprising a coacervation
product of the two polymers.

2. A process according to claim 1 wherein the capsule wall
formed is thereafter contacted with an aldehyde.

3. A process according to claim 2 wherein the aldehyde
comprises glutaraldehyde.

4. A process according to claim 1 wherein the protein
comprises gelatin.

5. A process according to claim 1 wherein the anionic
groups are any one or more of sulfate, sulfonate, phosphate,
carboxylic acid and carboxylate groups.

6. A process according to claim 1 wherein the polyanionic
polymer is of the formula:

@
Rs

R R

y
Rg

X

R,

R;

where x and y are the mole fractions of the two monomer
residues in the polymer and total 1, one or more of R, to Ry
is an anionic group, and those of R; to R; which are not
anionic groups are hydrogen, saturated hydrocarbon groups,
groups of the formula —OR, or —COOR,, (wherein R, and
R,, are hydrocarbon groups), aryl, substituted aryl or halo-
carbon groups.

7. A process according to claim 1 wherein the polyanionic
polymer comprises any one or more of poly(acrylic acid);
poly(methacrylic acid); copolymers of poly(acrylic acid)
and/or poly(methacrylic acid) with esters of the same acids;



US 7,061,663 B2

25

styrene sulfonate copolymers with styrene; methyl vinyl
ether or vinyl acetate copolymers with (meth)acrylic acid;
copolymers of alkyl-substituted olefins, methyl vinyl ether
and vinyl carboxylate with maleic acid, maleic esters, and
maleic half ester, half acids.
8. A process for forming a capsule, the process compris-
ing:
providing a liquid internal phase comprising a fluid and a
first prepolymer dispersed therein and having a plural-
ity of first reactive groups;
providing a dispersion medium substantially immiscible
with the internal phase and comprising a dispersing
liquid and a second prepolymer dispersed therein and
having a plurality of second reactive groups, each of the
second reactive groups being capable of reacting with
at least one of the first reactive groups; and
dispersing the internal phase as a plurality of discrete
droplets in the dispersion medium, thereby causing the
first and second reactive groups to react together to
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form a polymer shell surrounding the droplets, and
thereby forming capsules comprising the fluid.

9. A process according to claim 8 in which the internal
phase further comprises a plurality of electrically charged
particles capable of moving through the internal phase upon
application of an electric field thereto.

10. A process according to claim 8 in which the dispersion
medium is an aqueous medium and the internal phase is an
organic medium.

11. A process according to claim 8 in which one of the first
and second reactive groups comprises an acid anhydride
grouping and the other comprises an amine group, whereby
the first and second reactive groups react together to form
amide linkages.

12. A process according to claim 8 in which one of the first
and second prepolymers comprises poly(isoprene-graft-ma-
leic anhydride) and the other comprises polyethyleneimine.
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